The paper presents the research results of roughness and surface topography of the C45 non-alloy steel after centrifugal burnishing and perpendicular peening. The assessment of the geometric structure of the tested steel surface included the parameters: amplitude: Ra, horizontal: RSm, height: Rz, Rp and Rv, and Abbott-Firestone curve: Rpk, Rk and Rvk. Perpendicular shot peening was performed on a special position, while centrifugal burnishing on a 3-axis milling centre XH712G. The variable parameters during shot peening included the impact energy E z = 40 ÷ 220 mJ and the distance between traces x s = 0,15 ÷ 0,5 mm. The machining conditions of centrifugal burnishing were selected in such a way that the perpendicular component of the impact energy, longitudinal feed and transverse travel correspond to the variable parameters of perpendicular shot peening. The T800 RC 120 -140 device of the Hommel -Etamic company with software was used for measuring surface roughness and topography.
INTRODUCTION
According to [19] , the surface geometric structure (SGS) is a system of geometrical surfaces formed in the technological process of product manufacturing or in the manufacturing and using process. The geometrical structure of the surface includes roughness, waves, surface defects, sometimes shape errors [19] .
The usability features of machine parts depend on the geometric structure of the surface. Resistance to abrasion, susceptibility to transfer of fixed or changing loads, corrosion resistance and fatigue strength depend on the surface roughness. Wave is a concentration place of stresses, which can lead to the formation of cracks [4] . The geometrical structure of the surface and its properties are determined by the type of machining.
Burnishing is one of the methods of finishing treatment, during which the local plastic deformation phenomenon is used for the surface layer, caused by the impact of a hard tool on the surface.
Due to the nature of the force applied during burnishing, the static burnishing and dynamic burnishing can be distinguished. The basic types of dynamic burnishing include centrifugal burnishing and shot peening [11] .
During dynamic burnishing, prints (traces) are formed on the processed surface as a result of the impact of burnishing elements, which shape and dimensions depend on the properties of the workpiece, its roughness, the diameter of the burnishing element and the impact energy [3] . The resulting geometric structure of the surface resulting from the dynamic burnishing treatment is the result of complex processes, such as "punching" the indentations, levelling the micro-elevations formed in the earlier phases of burnishing, and the increasing surface layer hardness resulting from the density of the impact tracks [11, 16] .
The surfaces treated by dynamic burnishing are characterised by high smoothness and high material bearing, which is related to the shape of micro-irregularities, which is more "streamlined" [8, 10] . "Punching" the machined traces on the processed surface allows the formation of potential "reservoirs" that can accumulate lubricants in their space, thereby contribute to increasing the wear resistance of these surfaces [5, 6] . The geometric structure formed during processing affects the energy state and adhesion properties of the surface [12] .
The impact effect of the tool on the workpiece also affects the physical properties of the surface layer. As a result of burnishing, the compressive stresses are constituted in the surface layer, this is a result of change of the structure defects concentration due to the performed machining [18] . There is also an increase of the surface layer micro-hardness due to burnishing [14] . The increased abrasion and fatigue resistance is the consequence of the change in the state of internal stresses and micro-hardness [9, 17] .
The stereometric properties of the surface layer are formed by the centrifugal burnishing depend on: the magnitude of changes of the tool's traverse to the workpiece, peripheral speed of the burnishing head, the number of tool passages, the dimensions of the burnishing elements, the type of workpiece and the starting roughness of the workpiece [11] .
The surface roughness after shot peening is dependent on the degree of coverage, the diameter of the peening balls, the type of material, from which the balls are made, the treatment duration and the impact energy [1, 2, 7, 13] .
After a review of the literature, it can be stated that there are works on the centrifugal burnishing and shot peening. However, these studies refer to stereometric and physical properties of the surface layer for one particular variety of burnishing. There are no works that present a comparison of the stereometric properties of the surface layer after shot peening and centrifugal burnishing. Therefore, it was considered reasonable to undertake studies to compare the effect of technological parameters and burnishing variations on the geometric structure of the non-alloy steel elements surface. The selection of two types of dynamic burnishing, centrifugal burnishing and shot peening, was related to the machining capabilities of each of these variants and their advantages [12] .
The assessment of the geometric structure of the surface was carried out based on the amplitude, horizontal, height and Abbott-Firestone curve parameters.
RESEARCH METHODOLOGY
The rectangular samples with the dimensions of 4 mm x 15 mm x 100 mm, made of non-alloy C45 steel samples (marked according to PN -EN 10083 -1:2008) were used in the research. The grade of this steel is commonly used in the machine industry for medium-loaded components of machinery and equipment, such as: spindles, axles, non-tempered gear, discs, levers, wheel hubs. Table 1 presents the chemical composition and the selected properties of steel used in the studies.
Perpendicular shot peening was performed in a special position, which detailed description and principle of operation is presented in paper [16] . The machining was performed for variable technological parameters, which were, the impact energy E z and the distance between machining traces x s , which values are illustrated in Table  2 . During shot peening, the burnishing elements with the diameter of d k = 6 mm was used.
Centrifugal burnishing was performed on the vertical 3-axis milling centre XH712G. The tool used for the machining was a special burnishing head with an external diameter of 70 mm, which had symmetrically spaced burnishing beads with a diameter of approximately 6 mm, in the amount of z k = 12. The variable parameters during machining included the peripheral speed of the head v g , feed rate v f and the transverse feed f p ( Table 2 ). The conditions for centrifugal burnishing were selected in such a way that the perpendicular component of diagonal impact energy corresponded to the beater impact energy with the sample surface during perpendicular shot peening. The calculations were performed on the basis of relationships presented in the publication [11] . The value of longitudinal feed f w and the transverse feed f p corresponded to the distance values between the traces x s . The evaluation of the geometrical structure of the surface after centrifugal burnishing and perpendicular shot peening was performed using the T8000RC 120 -140 device of the HommelEtamic company, which allows for measurements of roughness and topography of the surface.
The studies also used the 3D digital microscope from the VHX -500 series of the Keyence company, equipped with a digital camera with the capability of enlarging the analysed image from 100 to 1000 times.
RESEARCH RESULTS
The implementation of the research allowed the presentation of the influence of the variation of burnishing and technological parameters on the surface roughness, which was described using amplitude, height, horizontal and Abbot-Firestone curve parameters. The curve parameters of the material bearing are functional parameters and allow the prediction of how the given surface will behave in conjunction with another surface [15] .
Surface roughness before perpendicular shot peening and centrifugal burnishing, which was milling, is in the range Ra = 1,01 ± 0,05 µm, Rz = 6,25 ± 0,48 µm, Rp = 4,62 ± 0,46 µm, Rv = 2,36 ± 0,14 µm, Rpk = 1,75 ± 0,29 µm, Rk = 3,25 ± (Table 3a) . The surface profile is characterised by sharp hills and dents (Table 3b ). The material bearing curve is a degressive curve (Table 3c ). Figure 1 shows the surface topography after centrifugal burnishing and perpendicular shot peening. As a result of the machining, in both cases, the geometrical structure of the surface is rebuilt. After shot peening (Fig. 1b) the hollows are formed on the surface, which result from the impacts of the ball moving perpendicularly to the workpiece surface. The shape of the resulting traces is spherical, similar to the shape of the burnishing element. The machining traces are evenly distributed on the burnished surface. After centrifugal burnishing, the resulting traces are "pulled out", their shape resembles an ellipsis, their arrangement on the surface is not ordered. This is most likely due to the direction of impact of the spheres on the surface of the workpiece, this is the tangential direction.
The photos shown in Figure 2a and 2 b are the confirmation of the hypothesis about the influence of the direction of the spheres on the shape and distribution of the machining traces. For the sample subjected to perpendicular shot peening, the clear "concavities" can be seen on the surface and the shape of the impression is spherical (Fig. 2b) . After centrifugal burnishing (Fig. 2a) , a different shape of the workpiece has been obtained than in the case of perpendicular shot peening, of an elliptical shape.
The increase of the impact energy in the range of E z = 40 mJ ÷ 160 mJ in the perpendicular peen- ing process at first causes the drop of roughness parameters Ra and Rz to the minimal value achieved for E z = 160 mJ, while in the range of E z = 160mJ ÷ 220 mJ the surface roughness increases (Fig. 3) . Applying the impact energy higher than 160 mJ causes the "punching" of greater indentations on the workpiece surface. In case of post-centrifugal burnishing samples, the surface roughness increases along with the impact energy. With regard to the values of Ra and Rz parameters before the treatment, within the applied impact energy scope, the improvement of the surface roughness takes place after centrifugal burnishing, while after perpendicular shot peening there is a slight deterioration of the surface quality.
The cyclical impact of the burnishing element, with the increasing impact energy, into the work surface causes the crushing of micro-irregularities vertices, which results in the reduction of the Rp and Rpk parameter values in case of perpendicular shot peening machining (Figs. 4 and 5). The minimum value of the Rp and Rpk parameter was achieved for the energy equal E z = 100 mJ. The increase in the peripheral speed of the burnishing head, and thus the impact energy, results in the increase of Rpk and Rp parameters. The effect of perpendicular shot peening and centrifugal burnishing treatment is the formation of cavities on the work surface, which contributes to the increase in Rvk parameter, thus increasing the retention capacity of the lubricant (Fig. 5) .
The surface after perpendicular shot peening is characterised by a profile with high height differences. The surface profile is described with flattened vertices. The Rp parameter after shot peening is from 22% to 38% smaller with respect to the value after pre-treatment, while Rv is higher from 51% to 71%.Machining with centrifugal burnishing results in more intense abrasion of vertices of micro-irregularities. The height parame- ter Rp after centrifugal burnishing is from 1,86 to 2,89 times smaller than after milling. This means the possible increase in abrasion resistance. Figure 6 shows the effect of the impact energy on the roughness parameter RSm. The increase in impact energy does not cause significant changes in the spacing between micro-irregularities. The RSm parameter value after centrifugal burnishing oscillates around the value RSm = 0,260 mm, while after perpendicular shot peening it changes to a small extent.
Figures 7 -9 illustrate the effect of the distance between traces on the analysed surface roughness parameters. The increase in the distance between the machining tracks results in a reduction in the degree of coverage, and thus the uneven deformation of the processed surface. The surface roughness increases with respect to the pre-treatment during perpendicular schot peening for x s = 0,3 ÷ 0,5 mm, while for centrifugal burnishing the roughness parameters Ra and Rz are smaller than after milling in the entire range of the applied distance between traces.
Reducing the number of traces per surface unit leads to a lower proportion of plastic and elastic deformations, which increases the Rp and Rv parameters (Fig. 8) . Changes in roughness parameters Rp and Rv are more noticeable in the case of the surface treated with perpendicular shot peening. This implies that the surface treated by peening is more "deformed" than after centrifugal burnishing.
The effect of the distance between the traces on the parameters of Abbott-Firestone curve (Fig.  9) is similar to the Ra, Rz, Rp and Rv parameters. The functional parameters after centrifugal burnishing have lower values than after perpen- dicular shot peening. During centrifugal burnishing there is a phenomenon of "slipping" of the spheres on the surface, which probably results in a lower proportion of plastic and elastic deformations. The depth of roughness core Rk after centrifugal burnishing, in relation to the value after milling, is smaller from 2% to 44%, while perpendicular shot peening causes the increase of the roughness parameter Rk. This means that centrifugal burnishing improves the so-called surface load, meaning that after the reaching period a part greater part of the surface will contact the surface of the co-operating element than after shot peening. During perpendicular shot peening, lubricated pockets are formed on the processed surface, the Rvk parameter after processing is from 1,15 to 1,75 times greater than after milling.
The distance between the micro-irregularities (parameter RSm) is impacted not only by the distance between the imprint traces, but also by the type of machining (Fig. 10) . After centrifugal burnishing, micro-irregularities appear on the surface characterised by greater spacing. This is probably due to the shape of the resulting print. Greater changes in the RSm parameter value, depending on the variety of burnishing, can be observed for x s = 0,3 ÷ 0,5 mm. For the treatment with spacing x s = 0,15 mm there is a phenomenon of overlapping of treatment traces, which probably limits the impact of the shape of the created section on the RSm parameter value. Figure 11a and 11b show the exemplary surface profiles after centrifugal burnishing and perpendicular shot peening.
The machining of centrifugal burnishing or perpendicular shot peening does not only impact the surface roughness parameters, shape of the profilogram, but also the shape of the AbbottFirestone curve. Figure 12 illustrates the exemplary curves after centrifugal burnishing ( Fig.  12a ) and after perpendicular shot peening (Fig.  12b) . The Abbott-Firestone curve after shot peening is characterised by a greater inclination angle than after centrifugal burnishing, but significantly smaller than after milling. This means that the surface treated by perpendicular shot peening is characterised by less "flattened" vertices of micro-irregularities and a smaller material bearing ratio, which is confirmed by the measurement results of the surface roughness parameters. The geometrical structure of C45 steel surface formed by centrifugal burnishing and perpendicular shot peening is different. The amplitude parameter Ra after centrifugal burnishing is from 1,1 to 1,7 times smaller with respect to the value after milling, while the surface roughness increase was achieved after perpendicular shot peening in relation to the value after the pre-treatment. A similar effect of the type of burnishing is noticeable for the height parameters Rz, Rp, Rv. Exceptions include the treatment conditions for peening E z = 160 mJ, x s = 0, 15 mm, for which the parameter Ra, Rz, Rp, Rv, Rk and Rpk values are decreased. The Rk and Rpk parameters after centrifugal burnishing have smaller values than after perpendicular shot peening.
For the surface machined by centrifugal burnishing within the range of applied machining parameters, the utility properties of the geometrical structure are improved with respect to the preceding machining.
Perpendicular shot peening causes "punching" of lubricant pockets with a greater depth on the work surface. The Rvk parameter after peening is from 1,69 µm to 2,59 µm, while after centrifugal burnishing 0,77 ÷ 1,29 µm.
The value of the gap formed between the traces on the treated surface is caused by the shape of the resulting impression.
CONCLUSIONS
The paper analysed the effect of the type of burnishing and technological parameters on the geometrical structure of C45 steel surface. The following conclusions summarize the results of the research conducted:
• perpendicular shot peening and centrifugal burnishing of C45 steel result in the reconstruction of the geometrical structure of the surface, shot peening and centrifugal burnishing cause the change of the shape of micro-irregularities, • the increase of the impact energy during perpendicular shot peening results in the improvement of surface roughness in the range of E z = 40 m ÷ 160 mJ, for large E z the deterioration is noticeable, whereas using centrifugal burnishing the surface roughness parameters are increased with respect to the value after milling, • the increase of the distance between machining traces causes the raise in surface roughness for both types of burnishing, • spherical processing traces are formed on the work surface as a result of perpendicular shot peening, the resulting impressions are elliptical after centrifugal burnishing, • centrifugal burnishing causes the formation of micro-irregularities with intervals greater than after perpendicular shot peening, • Abbott-Firestone curve is a degenerativeprogressive curve both for perpendicular shot peening and for cenrtrifgal burnishing.
